A novel enzymatic method for the determination of calcium ion (Ca2+) is described. The principle of the assay is to determine the degree of activation by Ca2+ present in a given solution of a Ca2+-dependent enzyme, phospholipase D, which is subsequently assessed in terms of the amount of choline produced. For the latter determination, choline oxidase and peroxidase are used in combination, leading to the color production, which can be simply quantified by measuring the increase in absorbance at 500 nm with time. The present method is highly Ca2+-specific, accurate, and reproducible, giving results in reasonably good agreement with those obtained by the Ca2+-selective electrode method. The results of the enzymatic method are not influenced by any change in pH of the serum samples that may occur during the storage of these samples.
can even be extended to inorganic constituents. Thus, we reported previously the use of immobilized pyruvate oxidase for the automated determination of inorganic phosphate in biological fluids [4] .
In parallel with those assay systems, whose driving force is the substrate specificity of an enzyme, we have been investigating if the strict cofactor requirement, in particular the requirement for metallic ion, of a given enzyme could also be utilized as the basis for constructing a novel enzymatic method of determining that metallic ion. We already succeeded in developing an enzymatic assay method for magnesium in serum using hexokinase and glucose-6-phosphate dehydrogenase [5] . The strict requirement of hexokinase for magnesium ion, in the form of Mg ATP2-, was utilized as a measure for the degree of activation of hexokinase, which was in turn picked up as glucose 6-phosphate production and quantified as the increase in NADPH using glucose-6-phosphate dehydrogenase.
In the present paper, we report that the same principle can also be applied to the determination of calcium ion. We chose phospholipase D as the Cat+-dependent enzyme. The proposed enzymatic method for determination of Ca2~-in serum is based on the following sequence of reactions : 
The production of choline is dependent on the activity of phospholipase D, which is a function of the concentration of Ca2+ in the medium (Eq. 1). The amount of choline produced is quantified by the combined use of choline oxidase and peroxidase as the increase in absorbance at 500 nm for the quinoneimine dye generated (Eqs. 2 and 3). The present paper describes the details of the procedures that ensure the optimization of the conditions for these reactions.
MATERIALS AND METHODS
Apparatus. The absorbance was measured using a Hitachi (Tokyo, Japan) Model 320 spectrophotometer with a cell holder kept at constant temperature, or a Shimadzu (Kyoto, Japan) Model UV-120-01 spectrophotometer.
Materials. The enzymes used were phospholipase D (EC 3. [6] . Triton X-100 used was the reagent for liquid scintillation from Nakarai Chemicals Company (Kyoto, Japan). All other chemicals were commercially available and of analytical grade. A 25.7 mM phosphatidylcholine solution was prepared by dissolving 200 mg of phosphatidylcholine in 10 ml of 5 % Triton X-100 solution. The substrate solution was prepared by mixing 0.02 ml of 100 mM Tris-HC1 buffer at pH 7.4, 0.05 ml of 1.0 M NaCI, and 0.1 ml of 25.7 mM phosphatidylcholine solution. The chromogen solution was prepared by dissolving 10 mg of 4-aminoantipyrine and 50 mg of phenol in 100 ml of 50 mM Tris-HC1 buffer at pH 7.4.
Procedures. For routine analysis the assay was conducted in two steps : the first step of the reaction was for phospholipase D, which was terminated by the addition of EDTA; and then the second step was for the determination of choline formed by the first reaction, using a mixture of choline oxidase and peroxidase. Instructions for the assay are as follows : Pippete into each of three test tubes 0.35 ml of the substrate solution. Add 0.1 ml of distilled water into the first tube (reagent blank), 0.1 ml of the standard Ca2+ solution (1.5 mM) into the second tube (standard), and 0.1 ml of serum into the third tube (test). Preincubate the mixture at 37°C for 3 min, then start the reaction by adding 0.1 ml of phospholipase D solution (3 units/ml) to each tube. Incubate for 20 min at 37°C, then add 0.1 ml of 200 mM tetra-sodium EDTA to stop the phospholipase D reaction. Add 2.0 ml of the chromogen solution and 0.05 ml of the solution that contains two enzymes, choline oxidase (70 units/mi) and peroxidase (3 units/aril), to each tube. Incubate the final mixture at 37°C for 10 min, and then measure the absorbance at 500 nm of the standard and test vs. the reagent blank.
For the continuous recording of the phospholipase D-catalyzed reaction, a one-step assay was conducted, whereby all three enzymes were added simultaneously : Pipette into each of three test tubes 0.35 ml of the substrate solution, 0.28 ml of 1.0 M NaCI, and 2.0 ml of chromogen solution. Add 0.1 ml of distilled water into the first tube (reagent blank), 0.1 ml of the standard Ca2+ solution (1.5 mM) into the second tube (standard), and 0.1 ml of serum into the third tube (test). Preincubate the mixture at 37°C for 5 min, then start the reaction by adding to each tube 0.15 ml of the solution that contains the three enzymes, phospholipase D (2 units/ml), choline oxidase (23 units/ml) and peroxidase (1 unit/ml). Measure the absorbance at 500 nm. As will be seen below, the one-step assay, though simpler in principle, gave a lower response to Ca2+ concentration compared with the two-step assay. Therefore, the two-step method was adopted for routine purposes.
For comparison, we also determine Ca2+ concentrations by a Model SS 20 ionized calcium analyzer (Orion Biomedical Division of Orion Research Inc., Cambridge, Mass.) equipped with a calcium ion-selective electrode [7] . The procedures used for sample analysis were as described in the instruction manual [8] .
Ca2+ concentrations. The numerical figures for the Ca2+ concentrations shown in the tables and figures of this paper refer to the concentrations found in the sample (standard or serum) solutions, not to those found in the reaction mixture. Figure 1 shows the comparison of the Ca2+ dependence between phospholipase D preparations from cabbage and from Streptomyces chromofuscus. Although the latter enzyme required a very much lower concentration of Ca2+ for its activation compared with cabbage phospholipase D, the cabbage enzyme gave linearity of the data up to 2 mini Ca2+ in the sample, which coincided with the range of Ca2+ concentrations to be determined in human serum samples. Therefore, we decided to employ phospholipase D from cabbage for the present study.
RESULTS

PhosplzolipaseD
Phosphatidylcholine when several kinds of phosphatidylcholine preparations were subjected to thin-layer chromatography on a precoated Silica Gel 60 plate (E. Merck) with a chloroform/methanol/H20 (95:35:4, by vol) solvent system, and the spots were made visible by placing the plate into an atmosphere of iodine vapors, we found that the Sigma and homemade preparations gave only one spot of phosphatidylcholine. Some other preparations were contaminated with some impurities such as sphingomyelin, lysolecithin, and free fatty acid, which resulted in a lower response to Ca2+ concentration as assayed by the two-step method. Therefore, all the following experiments were carried out with phosphatidylcholine from Sigma.
Evaluation of analytical performance
Time course. The progress of the reaction was recorded using the one-step which contained 0-2.0 mi Ca2+, the calibration curve obtained was perfectly linear as shown by the solid circles in Fig. 3 . However, such linearity did not hold when the sample volume was decreased to 0.05 ml (open circles) or 0.03 ml (solid triangles) even with prolonged incubation times (Fig. 3) . Storage of serum samples. When human serum samples were kept in cold storage, the pH values gradually rose over a one-week period (Fig. 4, solid triangles) . Correspondingly, the Ca2+ concentration as determined by the electrode method were found to decrease (solid circles). In contrast, the enzymatic method always gave a constant value (open circles), because the reaction mixture contained enough buffer ions to compensate for the shift in pH that hadl occurred in the serum sample. Effect of ionic strength. Figure 5 shows the results of the enzymatic assay carried out at different ionic strengths of the medium. As was expected from the known fact that the activity of Ca2+ in a given solution is a function of the ionic strength in the surrounding medium, the yield of the color intensity at 500 nm decreased significantly as the ionic strength increased from 0.043 to 0.180. Such a change was also found with serum samples. Even the same sample gave apparently different results at different ionic strengths (vertical arrows in Fig. 5 ). We adopted an ionic strength of 0.160 for the routine assay, since this value corresponds to the ionic strength of normal human serum.
Precision and reproducibility. Two pooled human samples with low and high Ca2+ concentrations were analyzed over a ten day period. As shown in Table  1 , the present method gave satisfactorily precise and reproducible results.
Comparison with electrode method. Comparison studies were carried out with serum samples from a hospital population. When compared with the electrode method, calculated linear regression and correlation coefficients were y=0.885x + 0.058, and r=0.862. The results obtained by the two methods showed reasonably good agreement (Fig. 6 ).
Interfering ions. Among the several ions tested (Table 2 ), Mg2+ and Cu2+ showed some positive and negative interference at 4.1 mM and 0.079 mM, respectively, both with serum and with the standard Ca2+ solution. However, the average concentrations of magnesium and copper in normal human serum are approximately 0.80 mM and 0.016 mM, respectively [9] , and in each case the ionized form is even lower in concentration so that these ions should not interfere with the enzymatic assay of Ca2+.
DISCUSSION
Calcium in human serum is found either in free (ionic) or in bound form. In normal subjects, the ionic form (Ca2+) amounts to approximately 45 % ; while the majority of the bound form (55 %) is protein-bound calcium, and the rest is mostly calcium phosphate. A method used widely in clinical laboratories for determination of serum calcium is that which employs a chelating agent specific for calcium [10] . Since the binding of calcium to the chelator is very strong, the results given correspond to total calcium rather than to Ca2+. To determine only Ca2+, a few methods have been devised, which include those using selective ultra-filtration [11] , an loll-selective electrode [7] , or Ca2+-induced bioluminescence [12] . The electrode method is now used routinely in laboratories, but it has a major drawback in that the data obtainable are subject to change as the pH of the sample drifts along with the time lapse after the drawing of the blood [13] .
The enzymatic method we have presented in this paper does not require any precaution against the changes in pH (Fig. 4) . The method is entirely in conformity with other methods used for the determination of organic and inorganic constituents based on enzymes as analytical reagents, so that it can readily be incorporated into any automated instruments that are widely used in clinical laboratories. 
